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Abstract: The main disadvantages of HCCI engines are the knocking tendency at high engine loads,
the challenge of the start of the combustion, control of the combustion phase, and the narrow
operating range. In this study, we aimed to control the combustion processes in HCCI engines
and to expand their working range by improving the fuel properties of fusel oil by the addition of
diethyl ether. Thus, the variations in the in-cylinder pressure, rate of heat release, indicated mean
effective pressure, start of combustion, combustion duration, CA50, indicated thermal efficiency,
mean pressure rise rate, hydrocarbon and carbon monoxide emissions were investigated. It was
observed that the in-cylinder pressure and rate of heat release were taken into advance and the
test engine could be operated for a wider range by increasing the diethyl ether ratio in the blend.
The indicated mean effective pressure increased by 67.5% with DEE40 fuel compared to the DEE80.
Under the same operating conditions, HC and CO emissions decreased by 41.6% and 56.2%, in use of
DEE40. Furthermore, the highest indicated thermal efficiency was obtained as 42.5% with DEE60
fuel. Maximum hydrocarbon and carbon monoxide emissions were observed with DEE80 fuel as
0.532% and 549 ppm, respectively.

Keywords: fusel oil; diethyl ether; HCCI; combustion; performance; emission

1. Introduction

Today, the interest in electric and hybrid vehicles is very high. However, some prob-
lems need to be solved, such as drive range, battery technology and how to supply sufficient
electrical energy. For this reason, it is predicted that internal combustion engines (ICE) will
be used for a while in the near future as the main power source for transportation [1–4].

In many sectors, especially in the transportation sector, fossil fuels are used extensively
for energy production. Fossil fuels are gradually decreasing due to the limited resources in
the world. The usage of fossil origin fuels with high hydrocarbon content in ICE negatively
affects human and environmental health. Increasing the world population and number
of vehicles increases greenhouse gas formation and global warming. Governments are
continually introducing new legal regulations to reduce exhaust emissions from ICE. In
addition, automotive manufacturers are trying to design engines with low specific fuel
consumption (SFC) and high thermal efficiency in order to reduce the fuel costs of users. For
these reasons, the researchers focused on the use of alternative fuels in ICE, the development
of engines with new types of combustion modes with low exhaust emissions and high
thermal efficiency [5–15].

Homogeneous charge combustion ignition (HCCI) engines have advantageous features
compared to both compression ignition (CI) and spark ignition (SI) engines. In SI engines,
the throttling losses occur because the engine power is adjusted by controlling the amount
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of air taken into the cylinder using the gas throttle valve. In addition, the high-temperature
flame front formed during flame propagation after spark plugs is a source of nitrogen oxide
(NOx) emissions. In CI engines, there are problems such as not being able to obtain a
homogeneous mixture in the cylinder, knock formation due to long ignition delay time of
fuels with a low cetane number, and the inability to provide a simultaneous reduction in
soot and NOx emissions. In HCCI combustion mode, the air–fuel mixture is taken into the
cylinder almost homogeneously without throttling, and as a result of compression of the
mixture, the self-ignition occurs simultaneously at all points of the cylinder. An extremely
lean homogeneous mixture is prepared in the cylinder during the intake and compression
strokes. Low temperature combustion (LTC) occurs spontaneously in very small crank angles
at the end of the compression stroke. Thus, lower NOx and soot emissions can be obtained
simultaneously while keeping high thermal efficiency. In addition, the HCCI engine can be
run at leaner mixtures than SI engines. However, HCCI engines have some problems and
disadvantages that are not fully solved besides the real advantages. While the start of the
combustion (SoC) can be controlled easily in SI and CI engines, strict control of the SoC is not
possible for HCCI engines. One of the severe problems of HCCI engines is the formation of
excessive knocking at high loads and misfire at low loads [16–30].

In order to reduce usage of fossil-based fuels and exhaust emissions, the use of alternative
fuels is as important as the use of different combustion modes in ICE. Currently, alcohols are
the most important type of fuel that can be used as an alternative to fossil fuels and they can
be used in ICE. In addition, alcohols play an important role in reducing emissions since they
are oxygen-containing fuels. Ethanol and methanol are among the most common alcohols
with their production and production capacities. However, toxic substances in methanol are
dangerous for human and environmental health. In addition, ethanol can be easily obtained
from sources of vegetable origin such as corn, sugar cane and wheat [31]. Fusel oil is produced
as a by-product during the fermentation process of bioethanol and consists largely of amyl
alcohol. Recently, 550 k tons of beet molasses were produced annually from 12 million tons of
sugar beet in Turkey. Approximately 30 million liters of ethanol were obtained from molasses
with these processes. During the distillation of molasses, 1000 liters of ethanol, 1 liter of
acetaldehyde, and 5 liters of fusel oil were obtained [32–34].

In recent times, researchers have focused on the use of fusel oil as an alternative fuel
in ICE. A detailed overview of the previous studies about the fusel oil usage in ICE, which
are SI engines [11,34–55] CI engines [14,33,56–68] and HCCI engines [5,31] can be seen in
Figure 1. It seems that there is minimal study for fusel oil usage in HCCI engines while
there are many studies for use in SI and CI engines.

Figure 1. Previous studies about fusel oil usage in ICE. (SI engines [11,34–55] CI engines [14,33,56–68]
and HCCI engines [5,31]).
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Içingür et al. [47] investigated the effects of the mixtures of fusel oil and gasoline
blends on performance and emissions in an SI engine experimentally. It was noted that the
highest increase in engine torque was obtained as 3.4% for F30 (30% fusel oil + 70% gasoline
as volumetric) blend. It was emphasized that the SFC increased with the increase in the
amount of fusel oil in the mixture and the highest increase in the SFC was obtained with
F30 as 7.7%. It was also stated that NOx emissions decrease and hydrocarbon (HC) and
carbon monoxide (CO) emissions increase as the amount of fusel in the mixture increases.
Solmaz [11] examined the effects of fusel oil on performance, combustion and emissions in
an SI engine. The study showed that the combustion aggravated and engine performance
dropped due to the moisture content and lower heating value (LHV) of the fusel oil. In the
study, it was revealed that CO and HC emissions increased up to 25% and 21%, respectively.
In addition, NOx emissions decreased about 31% with the usage of fusel oil. Awad et al. [33]
investigated the effect of diesel–fusel oil fuel blends on the performance and the emission
characteristics in a direct-injected CI engine. It was noted that the brake power and the
torque slightly decreased, the indicated SFC increased and the ignition delay duration
prolonged with the usage of F20 (80% diesel fuel + 20% fusel oil as volumetric) instead of
diesel fuel. It was observed that the NOx emissions decreased and carbon dioxide (CO2)
and CO emissions increased with the usage of fusel oil. It was also emphasized that the
reason for the decrease in engine performance was lower cetane index, high moisture
content and a lower LHV of fusel oil. Yılmaz [14] investigated the effects of diesel–fusel oil
blends on engine performance, combustion and emissions in a direct-injected CI engine.
In this study, F5 and F10 fuels were examined in comparison with pure diesel fuel. It was
established that the SFC diminished by increasing fusel oil in the blend due to LHV and the
water content of fusel oil. It was emphasized that the duration of ignition delay prolonged
by increasing the fusel oil rate in the blend owing to a low cetane number of fusel oil.
The moisture content of fusel oil reduced NOx emissions by lowering the combustion gas
temperatures. However, CO emissions increased since moisture content in fusel oil worsens
the combustion process. It was also reported that smoke emissions reduced because of the
amount of oxygen content of fusel oil. As a result, it was stated that fusel oil can be used as
an alternative fuel additive because it is low-cost fuel and reduces NOx emissions in CI
engines. Calam [5] examined the results of the usage of fusel oil in an HCCI engine and
presented a detailed report about performance, combustion and emission by using F20,
F40 and F60 fuel blends at the intake temperatures of 353 K and 373 K. It was reported
that the starting of combustion delayed and the heat release rate occurred more slowly
and controlled due the octane increasing effect of fusel oil. It was also emphasized that the
indicated thermal efficiency (ITE), HC and CO emissions increased with the increase of fusel
oil in the mixture. Sudheesh et al. [69] used diethyl ether as an ignition improver for biogas
homogeneous charge compression ignition (HCCI). From their results, it was found that
the biogas–DEE HCCI mode shows wider operating load range and higher brake thermal
efficiency (BTE) at all loads compared to those of biogas–diesel dual-fuel and biogas SI
modes. In addition, they observed that in the HCCI mode, hydrocarbon (HC) emissions
are lower than those of the biogas SI mode. Therefore, it is beneficial to use the biogas–DEE
HCCI mode while using biogas in internal combustion engines. Polat [10] investigated
the effects of diethyl ether–ethanol fuel blends on HCCI combustion, engine performance
and exhaust emissions in a single cylinder, port injection HCCI engine experimentally.
In the experiments, he used the ethanol and diethyl ether mixtures in different ratios by
volume such as 30% ethanol–70% diethyl ether (E30/D70); 40% ethanol–60% diethyl ether
(E40/D60); 50% ethanol–50% diethyl ether (E50/D50); and 100% diethyl ether (DEE) as test
fuels. He stated that the indicated thermal efficiency increased by about 23.1% and was
obtained as 33.1% at λ = 2 with DEE as compared to E30/D70 at that lambda.

In HCCI engines, the physical and chemical properties of the fuel directly affect the
SoC. The most practical way to control the SoC is to increase the intake air temperature
(IAT) [30]. However, increasing the IAT too much causes extra energy consumption and de-
creases the indicated mean effective pressure (IMEP) because of decreasing the volumetric



Sustainability 2022, 14, 15666 4 of 19

efficiency [20]. In addition, very high inlet air temperatures increase knock formation in
the HCCI engine [30]. Because the octane number of fusel oil makes self-ignition difficult,
it limits the operating range of the HCCI engine, especially in poor mixtures. The high
octane number of fusel oil causes difficult self-ignition and limits the operation range of
HCCI engines, especially with lean mixtures [5]. This disadvantage can be eliminated by
mixing fusel oil with other fuels that can easily ignite at lower temperatures so the HCCI
engine can be operated in a broader range. The blending of diethyl ether (DEE) and fusel
oil can be a useful method for HCCI combustion. DEE has excellent properties such as
high oxygen content, latent heat of vaporization, more comprehensive flammability limits,
a higher cetane number (>125), reasonable energy density, ignition improvement, cold
starting aid and low auto-ignition temperature additive [10,69–72]. This is the first study
for the usability of a fusel oil–DEE mixture in HCCI engines. For this reason, it is important
to investigate the effects of fusel oil–DEE on combustion, performance and emissions in
HCCI engines.

In this study, the effects of DEE–fusel oil blends on performance, combustion and
emissions characteristics in an HCCI engine were investigated experimentally. During
experiments, three different fuel blends, which are DEE40 (60% fusel oil + 40% diethyl ether
as vol.), DEE60 (40% fusel oil + 60% diethyl ether as vol.) and DEE80 (20% fusel oil + 80%
diethyl ether as vol.) were used. The experiments were conducted at a constant IAT of
353 K, different engine speed range, and between 1.4 and 4.0 lambda values. The variations
in in-cylinder pressure, rate of heat release (ROHR), IMEP, SoC, maximum pressure rise
rate (MPRR), combustion duration (CA90-10), combustion phase (CA50), indicated thermal
efficiency (ITE), CO and HC emissions were investigated.

2. Materials and Methods

In the present study, a 0.54 L, single-cylinder, four-stroke, port fuel injection Ricardo
Hydra brand gasoline engine was operated in HCCI mode. The test engine was operated
in spark ignition mode until it reached the operating temperature, then the spark plug
ignition was turned off and the experiments were carried out in HCCI mode. The technical
specifications of the test engine are shown in Table 1. A schematic view of the experimental
testbed is seen in Figure 2. A DC type dynamometer that can absorb 30 kW of power was used
in the experiments. The port fuel injection system was used to obtain a homogeneous air/fuel
mixture. The potentiometer has high sensitivity on the control panel and was used to adjust
the amount of fuel with the pulse width signal of the port fuel injector. 100 equal intervals
divided on the potentiometer were used in order to keep the injected fuel rate constant
and determine the fuel consumption. Before the experiments, the injector was calibrated
by measuring the injection characteristic of the injector for each fuel separately. Thus, the
error that may occur in the measurement of fuel mixtures with different viscosity values was
eliminated. To calibrate the injector, the amount of each injected fuel blend was measured
with a precision balance of 0.01 g for 120 s by adjusting the potentiometer scale on the control
panel to 1.0, 2.0, 4.0, 6.0, 8.0 and 10.0 (maximum) at constant engine speed. In this way, the
amount of injected fuel, according to the potentiometer position, was determined for each fuel
blend. As a result of the calibration of the injector, the quadratic equations of DEE40, DEE60
and DEE80 fuel blends are given in Equations (1), (2) and (3), respectively.

yDEE40 = [3 × 10−5 × x2 + 0.0049 × x − 0.0019]× [n/(60 × 2)] (1)

yDEE60 = [2 × 10−5 × x2 + 0.005 × x − 0.0025]× [n/(60 × 2)] (2)

yDEE80 = [1 × 10−5 × x2 + 0.0047 × x − 0.0026]× [n/(60 × 2)] (3)
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Table 1. Engine specifications.

Test Engine Ricardo Hydra

Number of cylinders 1
Combustion mode HCCI

Valve lifts Intake-Exhaust [mm] 5.5–3.5
Compression ratio 13

Bore [mm] × Stroke [mm] 80.26 × 88.90
Swept volume [cm3] 540

Maximum power output (kW) 15
Intake valve O/C timing 12◦ bTDC 56◦ aBDC

Exhaust valve O/C timing 56◦ bBDC 12◦ aTDC
Port injection pressure (bar) 2.8

Figure 2. Schematic view of the test bed.

The IAT must be increased in order to achieve HCCI combustion. The air heating
system was placed before the intake manifold was used to increase the IAT. The IAT was
measured with K type thermocouple located between the air heating system and intake
manifold. A closed-loop controller was used to keep the IAT constant. A piezoelectric
pressure sensor Kistler 6121 was used to measure the in-cylinder pressure. The technical
specifications of pressure sensor are given in Table 2.

Table 2. The technical properties of pressure sensor.

Cylinder Pressure Transducer Kistler 6121 Piezo Electric

Operating range (bar) 0–250
Measurement precision (pC/bar) 14.7

Operating temperature (◦C) −50 to 350
Accuracy (+/− %) 0.5
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Cussons P4110 combustion analyzer was used to increase the received signals from the
piezoelectric pressure sensor. The amplified in-cylinder pressure signals were converted to
digital signals by using the National Instruments USB 6259 data acquisition card. Moreover,
an encoder with a precision of 0.36 CAD was used to determine the crank angle of the
test engine. The encoder and amplified in-cylinder pressure signals were recorded to the
computer simultaneously to cover at least 50 consecutive cycles. Bosch BEA350 brand
exhaust gas analyzer was used for the measure of exhaust emissions. The technical features
of the exhaust gas analyzer are presented in Table 3. Additionally, lambda value can
measure with an exhaust gas analyzer using the Brettschneider formula.

Table 3. Measurement range and accuracy of the emission analyzer.

Operating Range Accuracy

Lambda 0.5–9.999 ±0.001

NO (ppm vol) 0–5000 ±1

CO (% vol) 0–10 ±0.001

O2 (% vol) 0–22 ±0.01

HC (ppm vol) 0–9999 ±1

The test engine was run in SI mode until the engine coolant temperature reached 65 ◦C
and the engine oil temperature reached 60 ◦C in order to carry out the experiments under
constant conditions. After the test engine had reached the desired temperatures, spark
plug ignition was turned off via the control panel, and so HCCI mode was activated. All
experiments were carried out under steady-state conditions. Test engine could be run in
HCCI mode with DEE40, DEE60 and DEE80 fuels at 800–1400 rpm, 800–1800 rpm and
800–1800 rpm engine speed ranges, 1.4–2.3, 1.4–3.4, 1.8–4.0 lambda ranges, respectively, at
constant IAT of 353 K. Ricardo Hydra engine has 9 mm valve lifts for intake and exhaust
valves. In order to provide hot exhaust gas recirculation (EGR), we used reduced valve lifts
of 5.5 mm for intake valve and 3.5 mm for exhaust valve. Valve lifts were kept constant
during all of the experiments.

The amount of fuel injected was controlled via adjusting the position of the poten-
tiometer on the control panel and the data at different lambda values were recorded. The
knock limit was determined by the maximum pressure rise rate. The area just before the
engine stalls with the impoverishment of the mixture was determined as the misfire limit.
In this boundary, coefficient of variance in IMEP was also used to determine the exact
misfire border. The region between the knock and misfire boundaries was accepted as the
engine’s stable operating zone.

Ethyl alcohol is produced by fermenting glucose by yeast. Ethyl alcohol in Turkey, in
which the production of sugar from sugar beet molasses is produced from plant-wet beet,
pulp is obtained as a byproduct. The sugar rate in molasses content varies according to the
sensitivity of sugar production facilities to process sugar beet. In order to recover the sugar
in molasses content, it must be fermented under suitable temperature conditions. After the
fermentation process, purification and drying, ethyl alcohol is produced with a sensitivity
of 99.5%. The wastes under the purification and drying chambers are collected in a tank
and this waste product is called fusel oil. Fusel oil is an oil-like mixture waste product
with a dark brown to yellow color [47]. Fusel oil consists of 10.2% moisture, 16.16% i-butyl
alcohol, 63.03% i-amyl alcohol, 0.686% n-butyl alcohol, 0.688% n-propyl alkyl, 9.236%
ethanol. The properties fusel oil, test conditions and some properties of test fuels are shown
in Tables 4–6, respectively [10,14,45].
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Table 4. Some Properties of Fusel Oil Components Reprinted with permission from Ref. [14].
2022, Elsevier.

Constituent Chemical
Formula

Molecular
Weight (g/mol)

Density
(g/cm3)

Boiling
Point (◦C)

Freezing
Point (◦C)

Volumetric
(%)

i-amyl alcohol C5H12O 88.148 0.8104 131.1 −117.2 63.03
i-butyl alcohol C4H10O 74.122 0.802 108 −108 16.16
n-butyl alcohol C4H10O 74.122 0.8098 117.73 −89.5 0.686
n-propyl alkyl C3H8O 60.09 0.8034 97.1 −126.5 0.688

Ethanol C2H6O 46.07 0.789 78.4 −114.3 9.236
Water H2O 18 1 100 0 10.2

Table 5. Test parameters.

Test Parameters Value/Description

Engine speed 800–1800 (rpm)
Combustion mode HCCI

Fuel type DEE40-DEE60-DEE80
IAT 353 (K)

Lambda range 1.4–4.0
Engine oil temperature 60 ◦C

Engine water temperature 65 ◦C

Table 6. Specifications of test fuels.

Fuel Fusel Oil Diethyl Ether

Chemical formula - C4H10O [10]
Density [kg/m3] 849 [14] 713.4 [10]

LHV [MJ/kg] 29.5 [14] 33.8 [10]
Research octane number 106.8 [45] -

Cetane number 42 [14] >125 [10]
Self-ignition temperature

[◦C] 416 [14] 160 [10]

A MATLAB code was prepared to calculate the in-cylinder pressure, ROHR, IMEP,
CA10, CA90-10, CA50, ITE, and MPRR. The in-cylinder pressure was obtained by averaging
50 consecutive cycles. The ROHR was calculated using the first law of thermodynamics.
The gas and mass leaks were neglected in closed-loop cycle analysis. The amount of
heat transferred from the cylinder to the cylinder wall was calculated using the modified
Woschni model. The variation of the ROHR depending on the crank angle was calculated
using Equation (4) [24].

dQ
dθ

=
k

k − 1
P

dV
dθ

+
1

k − 1
V

dP
dθ

+
dQheat

dθ
(4)

The polytropic index was calculated using Equation (5) [24].

k = −V × dP
P × dV

(5)

The heat transfer to the cylinder wall, which is the last tern in Equation (1), has been
calculated according to Newton’s cooling law of [24]

dQwall
dθ

=
1

6n
hg A

(
Tg − Tw

)
(6)

where Tg is in-cylinder gas temperature, Tw is cylinder wall temperature, hg is heat transfer
coefficient and A is instantaneous cylinder wall surface area. In order to calculate heat
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transfer coefficient, Woschni’s equation, which depends on gas velocity, pressure and
temperature in the cylinder, is widely used [27].

hg = αsL−0.2 p0.8T−0.73
g w0.8

tuned (7)

where L is instantaneous chamber height, wtuned is the characteristic velocity.
The net work and IMEP were calculated using Equations (8) [24] and (9) [24].

Wnet =
∫

PdV (8)

IMEP =
Wnet

Vstroke
(9)

The ITE was calculated using Equation (10) [24].

ηT =
Wnet

.
mDEE × QLHVDEE +

.
m f usel oil × QLHVf usel oil

(10)

3. Results

HCCI engines have a limited operating range due to misfire at low loads and knock
problems at high loads. The misfiring problem at lean mixtures can be solved by using
fuels that have high self-ignition capability and low auto-ignition temperature. Fusel oil,
which has the capability to be an alternative to fossil fuels, is difficult to use at low loads in
HCCI engines because of the high research octane number. Therefore, the use of fusel oil in
combination with a fuel having a high cetane number may allow the HCCI engine to be
operated in a wider range.

Figure 3a–c shows that the variation of in-cylinder pressure and ROHR depend on
the crank angle with DEE40, DEE60, and DEE80, respectively, at constant engine speed.
The ROHR and in-cylinder pressure were taken into advance at low lambda values for all
test fuels. The possibility of fuel molecules matching with oxygen molecules increased as
the richer mixture was obtained with the increase of lambda value. Thus, the SoC was
recorded at an earlier crank angle. Furthermore, the maximum values of the in-cylinder
pressure and ROHR increased as the fuel energy driven into the cylinder was increased
as a result of the richer mixture. It was also seen that the in-cylinder pressure and ROHR
were taken into advance by increasing DEE ratio in the mixture. The auto-ignition ability
of the mixture increased as the DEE ratio increased in the mixture since the cetane number
of DEE is higher than fusel oil. Therefore, the whole combustion phases were taken in
advance. The two combustion stages on ROHR traces, which is a general combustion
characteristic of HCCI engines, are seen as in previous studies [73]. In Figure 3a, the higher
octane number of DEE40 fuel compared to DEE60 and DEE80 fuels results in a single-stage
ROHR. However, the two-stage ROHR was obtained as the DEE ratio increased in the
blend because the octane rating decreased and the self-ignition ability increased. As seen
in Figure 3c, low-temperature oxidation reactions become more evident using DEE80 fuel.
The test engine could be operated with the DEE40 fuel at the range of 1.4–2.3 lambda values,
and it could be operated with the DEE80 fuel at the range of 1.8–3.15 lambda values. It was
observed that the operating range shifted towards the poor mixture region for higher DEE
ratios in the blend.
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Figure 3. (a−c) show the variation of in-cylinder pressure and ROHR depend on the crank angle
with DEE40, DEE60 and DEE80, respectively, at constant engine speed.

At high loads, the knock formation tended to increase even as the cetane number of
the blend was high. For this reason, increasing the DEE ratio in the mixture was limited
by knock formation at high loads. At the constant lambda value of 1.8, the peak cylinder
pressures were obtained as 65 bar, 72 bar and 69 bar, and the maximum ROHR values were
obtained as 147 J/CA, 196 J/CA and 188 J/CA with the DEE40, DEE60 and DEE80 fuels,
respectively. A decrease was observed after some increase in the maximum in-cylinder
pressure and maximum ROHR with the increase of DEE ratio in the mixture. Firstly, the
peak cylinder pressure and maximum ROHR increased by increasing the DEE ratio in the
fuel blend, since the LHV of DEE fuel is higher than fusel oil. After that, a decrease occurred
in volumetric efficiency in the port fuel injection HCCI engine since the evaporation capacity
of DEE fuel was higher than fusel oil. For this reason, the maximum in-cylinder pressure
and ROHR decreased again since the fuel energy driven to the cylinder decreased in order
to maintain the constant lambda value.

The variation of CA10 with lambda at different fuel blends, which are DEE40, DEE60
and DEE80, is shown in Figure 4. CA10 is defined as the crank angle that represents 10% of
the fuel mass burnt fraction and is considered the SoC [31,51,73].
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Figure 4. The changing of CA10 with lambda at different fuel blends, which are DEE40, DEE60
and DEE80.

Figure 4 shows the variation of CA10 depending on lambda for different fuel blends,
while the start of combustion was delayed in lean mixture conditions for all test fuels as
seen in the figure. A poor mixture worsens oxidation reactions and combustion is delayed.
This situation causes the combustion duration to be prolonged. With the enrichment of
the mixture, the possibility of oxygen and fuel molecules to meet in the cylinder increases.
Therefore, chemical reactions start at earlier crank angles than under lean mixture condi-
tions. Rich mixture conditions cause the combustion to be taken in advance. The use of
high octane fuel in HCCI engines causes the CA10 to be delayed [17,30]. The increase in
the amount of fusel oil in the mixture fuel blend causes an increase in the octane number.
This situation causes the CA10 to be delayed. The increase in DEE ratio in the DEE + fusel
oil blend increases the cetane number of the blended fuel. Thus, oxidation reactions occur
rapidly and combustion starts earlier. It is seen in Figure 4 that the combustion started
before the TDC in the use of DEE60 and DEE80 fuels for all lambda values. In the use of
DEE40 fuel, it takes place around the TDC and just after the TDC. Figure 4 reveals that the
start of combustion can be controlled in HCCI engines by using mixed fuels with different
physical and chemical properties.

CA90 is defined as the crank angle that is 90% of the fuel mass burnt in the cylinder and
is considered the end of combustion. The period between CA10 and CA90 is expressed as
the combustion duration [31,73,74]. The variation of CA10-90 with lambda at different fuel
blends, which are DEE40, DEE60 and DEE80, is seen in Figure 5. The combustion duration
directly depends on the rate of chemical reactions. The chemical reaction rate is the function
of the cylinder gas temperature. Improved chemical kinetic reactions heal combustion, and
combustion duration decreases with the increase of the in-cylinder gas temperature.

In Figure 5, the mixture becomes lean and the in-cylinder gas temperature decreases
as the fuel energy driven into the cylinder decreases with the increase in the lambda value.
The combustion duration prolonged because the low in-cylinder gas temperature caused
the chemical kinetic reactions to slow down. As can be seen in Figure 5, the duration of
combustion decreased for the fuel blends containing a high DEE ratio. The high cetane
number of DEE fuel enables faster combustion reactions. Thus, the duration of combustion
shortened by increasing the DEE ratio in the fuel blend. Furthermore, the combustion
duration decreased as a result of the combustion process that takes place at a higher
temperature since the LHV of the mixture increased for the fuel blends, including a high
DEE ratio.
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Figure 5. The changing of CA10-90 with lambda at different fuel blends, which are DEE40, DEE60
and DEE80.

Figure 6a,b shows the variation of CA50 and ITE respectively depend on lambda at
different fuel blends, which are DEE40, DEE60 and DEE80. CA50 is defined as the location
of the 50% of the total fuel energy released in the cylinder in terms of crank angle and
is taken into consideration at the midpoint of combustion. In HCCI engines, it is very
important to obtain the CA50 slightly after top dead center (TDC) such as 8–10 degrees in
terms of engine performance, obtaining the CA50 before TDC increases the negative work
on the piston. The obtaining of the CA50 towards the end of the expansion stroke after
TDC also adversely affects the net work [17,30,73,75].

Figure 6. (a,b) show the variation of CA50 and ITE, respectively, depends on lambda at different fuel
blends, which are DEE40, DEE60 and DEE80.

In Figure 6a, it was observed that CA50 was delayed just like CA10 with the increase
of lambda value. The in-cylinder gas temperatures increased since the fuel injected into the
cylinder was high for rich mixtures. Therefore, the chemical kinetic reactions accelerated,
and thus the CA50 was taken into advance. The CA50 is taken into advance with the
increase of the DEE ratio in the blend due to the fact that the cetane number and LHV of
the mixture increased.

The most important factor affecting thermal efficiency is CA50 [30]. The higher ITE
values were obtained at the test points where the CA50 corresponds to the range of 7–11 CA
degrees after TDC as shown in Figure 6a,b. In the use of DEE80 fuel, the high reactivity
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(high DEE ratio, high cetane number) of the fuel and high LHV causes the combustion to
start earlier and the CA50 to occur before the optimum operating conditions. This causes
the indicated thermal efficiency to be low in all lambda values. Indicated thermal efficiency
in the use of DEE60 fuel is higher than DEE80 for all lambda values. In addition, the
highest indicated thermal efficiency was recorded as 42.5% with DEE60 fuel where the
lambda was 3.15. DEE60 fuel includes more fusel oil than DEE80 fuel. This increases the
octane number of the blended fuel, that is, it decreases the reactivity of the fuel. Thus,
combustion was slowed down and HCCI combustion was controlled. In the use of DEE60
fuel, optimum CA50 values were obtained, which ensures maximum indicated thermal
efficiency, especially for lambda values below 2.2. In the use of DEE40 fuel, it is seen that the
indicated thermal efficiency reaches a peak in a very small operating range, and the thermal
efficiency is quite low except for this lambda value. It has been determined that under
rich mixture conditions, CA50 occurs immediately after TDC, but with a little lean mixture
(lambda = 1.65), the maximum indicated thermal efficiency for this fuel was obtained at
the optimum CA50 value. The further impoverishment of the mixture caused the CA50 to
be obtained much later than the TDC, depending on the low reactivity of DEE40 fuel and
the water content of the fusel oil. This caused the indicated thermal efficiency to decrease
sharply due to the expansion of the cylinder volume.

In ICE, MPRR should not exceed 10 bar/CAD because high MPRR conditions cause
knocking and unstable working conditions. In addition, knock can seriously damage
engine parts [30,73]. Figure 7 shows the variation of MPRR with lambda at different fuel
blends, which are DEE40, DEE60 and DEE80. It was seen that the MPRR increased with
the decrease of lambda values for all test fuels. This is because of the increased fuel energy
driven to the cylinder at low lambda values. The maximum ROHR increased with higher
fuel energy. It was observed that the knock limit, which is 10 bar/CAD, was exceeded
under rich mixture conditions for all test fuels [30]. When comparing all test fuels at a
constant lambda value of 1.8, the highest MPRR value was obtained with DEE80 fuel.
The higher pressure was released in a shorter time, as the cetane number of the mixture
increased, and the auto-ignition temperature decreased by increasing DEE ratio in the fuel
blend. Thus, the MPRR increased.

Figure 7. The variation of MPRR with lambda at different fuel blends, which are DEE40, DEE60
and DEE80.
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Figure 8 shows the variations of the IMEP at different lambda values, fusel oil/DEE
blend ratios and engine speeds. It was seen that IMEP decreased as the lambda value
increased for all test fuel blends at given engine speed in Figure 8. The amount of fuel
energy driven into the cylinder decreased with the increase in lambda value. Depending
on this, the net work and IMEP decreased. The IMEP decreased at high engine speeds for a
given constant lambda value for DEE40 fuel. The effective force on the piston decreased
with the increase in engine speed since the combustion phase was delayed. The DEE60
and DEE80 fuels were not dominantly affected by the variation of engine speed. It was
observed that the operating range shifted towards the poor mixture region, and the test
engine could be operated a wider operating range with the increase in the DEE ratio in the
blend. The combustion could be obtained without misfire in poorer mixtures by increasing
the DEE ratio in the fuel blend since the cetane number increased and the auto-ignition
temperature decreased. However, it was observed that IMEP decreased with an increase
in the DEE ratio in the fuel blend, as seen in Figure 8. Advancing the CA10, obtaining the
CA50 before TDC, shortening the combustion duration and shifting the operating range
towards the poor mixture region caused a decrease in IMEP by increasing the DEE ratio in
the fuel blend.

Figure 8. (a–c) show the variation of IMEP depends on engine speed with DEE40, DEE60 and
DEE80, respectively.

HCCI engines can be operated with extremely poor homogeneous mixtures if the suit-
able working conditions (ideal IAT, supercharging, high compression ratio, EGR rate, etc.)
are provided [18,75–77]. As a result of lean combustion, the gas temperatures at the end
of combustion reduce, and very low NOx emissions are emitted in HCCI combustion.
However, low gas temperatures cause deterioration of oxidation reactions and increase CO
and HC emissions [78]. The main reason for the formation of HC emissions is the cavities
in the combustion chamber. The air–fuel mixture that settles in the valve and ring grooves
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cannot burn. In addition, heat losses occurring in areas close to the cylinder walls cause
deterioration of oxidation reactions, and HC emissions increase as well [5,17]. Figure 9a–c
shows the variation of HC emission depends on engine speed with DEE40, DEE60 and
DEE80, respectively. As the DEE ratio in mixture fuels increased, the HCCI working range
expanded, and HC emissions increased under extremely poor mixture working conditions.
HC emissions were minimum for all test fuels under rich operating conditions. Because
of the increased gas temperatures at the end of combustion at higher loads, HC emissions
reduced. The time remaining for combustion decreased with increasing engine speed.
Therefore, the increase in engine speed caused an increase in HC emissions for all test fuels.
HC emissions increased near the misfire area for all test fuels. The main reason for this was
the low combustion gas temperatures. In the operations with extremely lean mixture con-
ditions, cyclic variations increased, the engine ran erratically and HC emissions increased.
The highest HC emissions were recorded with the use of DEE80 fuel. DEE improved the
poor evaporation properties of fusel oil and was used as a combustion improver in this
study. With the increase in the DEE ratio, the octane number of the blend fuels decreased,
and the high cetane index of DEE allowed the HCCI working range to expand, but it caused
the SoC at earlier crank angles. HCCI combustion, which developed long before the top
dead center, caused an increase in negative forces acting on the piston and reduced ITE. This
situation caused knocking, especially in rich mixture operation regions. With the increase
in MPRR, the combustion pattern deteriorated, and HC emissions increased. The worst
HC emissions were recorded with DEE80 fuel at 1600 rpm and 1800 rpm engine speeds. In
these conditions, there was not enough time for HCCI combustion, and especially at lean
mixture operating conditions, the post-combustion gas temperatures were very low.

Figure 9. (a–c) show the variation of HC emission depends on engine speed with DEE40, DEE60 and
DEE80, respectively.
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CO emissions are sensitively affected by post-combustion gas temperatures. For
this reason, CO emissions increase in lean mixture regions of HCCI combustion. With
the enrichment of the mixture, oxidation reactions improve, and CO emissions tend to
decrease [79,80]. Figure 10a–c shows the variation of CO emission depends on engine speed
for DEE40, DEE60 and DEE80 fuels, respectively. With the increase in the DEE ratio in
blend fuels, the HCCI operation range expanded. While the high octane number of fusel oil
made combustion slower and more controlled, combustion started at earlier crank angles
as the ratio of DEE increased in mixture fuels. The fact that the heat release rate took place
during the compression time caused deterioration of oxidation reactions and prevented
CO from converting to CO2. The lowest CO emissions were achieved with DEE40 fuel,
while CO emissions worsened as the DEE ratio increased in mixture fuels. In the use of
DEE80 fuel, especially in extremely lean mixture working areas close to the misfire limit,
low post-combustion gas temperatures caused CO emissions to increase. However, cyclic
variations also increased in the misfire boundary. This is also an indication that oxidation
chemistry was impaired. Lack of sufficient time for combustion at high engine speeds (up
to 1400 rpm) caused the CO emissions to be increased for all lambda values in the use of
DEE80 fuel.

Figure 10. (a–c) show the variation of CO emission depends on engine speed with DEE40, DEE60
and DEE80, respectively.

4. Discussion

The main challenges of HCCI engines are the knocking at high engine loads, narrow
operating range, difficulties about start of the combustion and control of the combustion
phase. In this study, we aimed to control the combustion phase in an HCCI engine and
to expand the working range by improving the fuel properties of fusel oil, which is a
waste product and does not have an economical equivalent, with the addition of diethyl
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ether. Thus, in the present study, the effects of fusel oil/DEE fuel blends on performance,
combustion and emissions characteristics in a single-cylinder HCCI engine were inves-
tigated experimentally. During the experiments, three different fuel blends, which are
DEE40, DEE60 and DEE80, were used as the test fuel. The experiments were carried out
at constant IAT of 353 K, different engine speeds and between 1.4 and 4.0 lambda values.
The variations in in-cylinder pressure, ROHR, IMEP, SoC, CA50, combustion duration, ITE,
MPRR, HC and CO emissions were investigated.

It was observed that the in-cylinder pressure and ROHR were taken into advance, the
operating range shifted towards the poor mixture region, the SoC and the CA50 advanced,
the combustion duration decreased, the MPRR increased, the IMEP decreased, HC and
CO emissions increased, and the test engine could be operated a wider operating range
with the increase in DEE ratio in the mixture. In addition, the highest ITE was obtained
as 42.5% with DEE60 fuel. The addition of DEE to fusel oil improved the fuel properties,
and therefore the operating range of the engine expanded. However, the fact that the
combustion took place at earlier crank angles caused the oxidation chemistry to deteriorate,
increasing the emissions of CO and HC. The highest CO and HC emissions were recorded
as 0.532% and 549 ppm in the use of DEE80 fuel at an engine speed of 1600 rpm and lambda
of 4.0. High engine speed and extremely lean mixture conditions worsened HC and CO
emissions simultaneously.

In summary, the main bullet points of this study are as follows: Fusel oil and DEE
fuel blends can be used as an alternative fuel in HCCI engines, the operating range of
HCCI engine can be extended by adding DEE into fusel oil, and the auto-ignition ability
of the mixture can be increased by adding DEE into fusel oil. DEE can be used in internal
combustion engines without major changes in the engine. However, DEE has high volatility
and a high flammability. Therefore, it is necessary to increase the precautions in fuel storage
systems. However, since fusel oil is an alcohol derivative, it has a high water holding
capacity and can cause corrosion. For this reason, the corrosion effects of fusel oil and
DEE mixtures should also be investigated. In this study, it can be stated that DEE60 fuel
is feasible because HCCI combustion can be controlled and maximum indicated thermal
efficiency can be obtained. However, the optimum operating range can be determined
by simultaneous control of the compression ratio and EGR in an engine with a variable
compression ratio. In addition, it is predicted that HCCI engines can be used in hybrid
vehicle technology with alternative fuels due to their high thermal efficiency advantage.
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16. Aydoğan, B. Experimental investigation of tetrahydrofuran combustion in homogeneous charge compression ignition (HCCI)
engine: Effects of excess air coefficient, engine speed and inlet air temperature. Journal of the Energy Institute. 2020, 93, 1163–1176.
[CrossRef]

17. Mofijur, M.; Hasan, M.M.; Mahlia, T.M.I.; Rahman, S.A.; Silitonga, A.S.; Ong, H.C. Performance and emission parameters of
homogeneous charge compression ignition (HCCI) engine: A review. Energies 2019, 12, 3557. [CrossRef]

18. Hyvönen, J.; Haraldsson, G.; Johansson, B. Operating conditions using spark assisted HCCI combustion during combustion
mode transfer to SI in a multi-cylinder VCR-HCCI engine. In SAE Technical Paper 2005-01-0109; SAE: Warrendale, PA, USA, 2005.

19. Cinar, C.; Uyumaz, A.; Solmaz, H.; Topgul, T. Effects of valve lift on the combustion and emissions of a HCCI gasoline engine.
Energy Convers. Manag. 2015, 94, 159–168. [CrossRef]

20. Cinar, C.; Uyumaz, A.; Solmaz, H.; Sahin, F.; Polat, S.; Yilmaz, E. Effects of intake air temperature on combustion, performance
and emission characteristics of a HCCI engine fueled with the blends of 20% n-heptane and 80% isooctane fuels. Fuel Process.
Technol. 2015, 130, 275–281. [CrossRef]

21. Rather, M.A.; Wani, M.M. A numerical study on the effects of exhaust gas recirculation temperature on controlling combustion
and emissions of a diesel engine running on HCCI combustion mode. Int. J. Automot. Sci. Technol. 2018, 2, 17–27. [CrossRef]

22. Ferguson, C.R.; Kirkpatrick, A.T. Internal Combustion Engines: Applied Thermosciences; John Wiley & Sons: Hoboken, NJ, USA, 2015.
23. Halis, S.; Nacak, Ç.; Solmaz, H.; Yilmaz, E.; Yucesu, H.S. Investigation of the effects of octane number on combustion characteristics

and engine performance in a HCCI engine. J. Therm. Sci. Technol. 2018, 38, 73–84.
24. Heywood, J.B. Internal Combustion Engine Fundamentals; McGraw-Hill Education: New York, NY, USA, 2018.
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